We present predictions of the binding energy per nucleon and the neutron skin thickness in highly neutron-rich isotopes of Oxygen, Magnesium, and Aluminum. The calculations are carried out at and below the neutron drip line as predicted by our model. The nuclear properties are obtained via an energy functional whose input is the equation of state of isospin-asymmetric infinite matter. The latter is based on a microscopic derivation of the energy per particle in neutron matter applying chiral few-nucleon forces together with a phenomenological model for the equation of state of symmetric nuclear matter. We highlight the impact of the neutron matter equation of state at different orders of chiral effective field theory on neutron skins and the binding energy per particle and quantify the uncertainty carried by our predictions.
currently 25 O and 26 O are at the limit of experimental availability [6] , with 26 O found to be just unbound [7] . With regard to Magnesium and Aluminum, 40 Mg and 42 Al are predicted to be drip line nuclei [8, 9] , suggesting that the drip lines may be located towards heavier isotopes in this region of the nuclear chart.
The paper is organized as follows: To ensure that the manuscript is self-contained, in Section II we give a brief review of the few-body forces we apply, whereas in Section III we describe our approach to the energy per particle in neutron-rich matter, and how the latter is used in a liquid-drop-based functional in order to obtain nuclear energies and radii. We describe how we estimate the theoretical uncertainties in our calculations, particularly those of EFT origin. Results and discussion are presented in Section IV, while our conclusions are summarized in Section V.
II. DESCRIPTION OF THE FEW-NUCLEON FORCES
Before moving to the description of our calculations in nucleonic matter, in this section we review briefly the fewnucleon forces as we will apply them in Section III. With regard to 3NFs, only those which do not vanish in NM will actually be employed here, although the following remarks may be somewhat broader. For additional details, see Ref. [10] .
A. The chiral two-body force
In the present investigation we consider nucleon-nucleon (NN) potentials at order (Q/Λ χ ) 0 , (Q/Λ χ ) 2 , (Q/Λ χ ) 3 and (Q/Λ χ ) 4 in the chiral power counting, where Q denotes the low-energy scale set by a typical external nucleon momenta or the pion mass and Λ χ is the chiral symmetry breaking scale. Chiral NN potentials at NLO and N 2 LO (order (Q/Λ χ )
2 ) and (Q/Λ χ ) 3 , respectively) have been constructed in Ref. [11] for several values of the cutoff, Λ, in the regulator function
When the chiral order and the cutoff scale are changed, the low-energy constants in the two-nucleon sector are refitted to elastic NN scattering phase shifts and the deuteron properties. The low-energy constants c 1,3,4 associated with the ππN N contact couplings of the L (2) πN chiral Lagrangian can be extracted from πN or NN scattering data. The potentials we use here [11] [12] [13] take the range determined in πN analyses as a starting point. The reader should consult Ref. [13] for details on the fitting procedure.
Although two-body scattering phase shifts can be described well at NLO up to a laboratory energy of about 100 MeV [11] while the N 2 LO potential fits the NN data up to 200 MeV, high-precision quality is not possible until next-to-next-to-next-to-leading order (N 3 LO) [12, 13] . The potential at leading order (LO) [13] describes NN data poorly, but we include it in this analysis nevertheless as it may shed additional light on the order-by-order pattern of the predictions.
In what follows, we will employ the chiral NN potentials from Refs. [11] [12] [13] with cutoff parameter equal to 450 MeV and n=2 (for LO) or n=3 (for the other orders).
B. The chiral three-nucleon force
The leading three-nucleon force is encountered at third order in the chiral power counting and is expressed as the sum of three contributions, whose corresponding diagrams are shown in Fig. 1 , labeled as (a), (b), (c), respectively. These contributions are: the long-range two-pion-exchange part with ππN N vertex proportional to the low-energy constants c 1 , c 3 , c 4 , the medium-range one-pion exchange diagram proportional to the low-energy constant c D , and the short-range contact term proportional to c E .
The inclusion of 3NFs is greatly facilitated by employing the density-dependent NN interaction derived in Refs. [14, 15] from the N 2 LO chiral three-body force. This effective interaction is obtained by summing one particle-line over the occupied states in the Fermi sea. Ignoring small contributions [16] depending on the center-of-mass momentum, the operator structure of the NN interaction is identical to the one in free space. For symmetric nuclear matter all three-body forces contribute, while for pure neutron matter only terms proportional to the low-energy constants c 1 and c 3 are nonvanishing [15, 16] .
While efforts are in progress to improve the status of our calculations, the current "N 3 LO" study is limited to the inclusion of the N 2 LO three-body force together with the N 3 LO two-body force. In Refs. [26, 27] , calculations of the neutron matter energy per particle at N 3 LO show a small effect (of about -0. saturation density for the potentials of our purview [13] . Most recently, the small size of the contribution from the 3NF at N 3 LO in NM with the potential of Ref. [12] has been confirmed [28] . The inclusion of the 3NF at N 3 LO in nuclear matter, on the other hand, necessitates a refitting of the c D and c E low-energy constants, a non-trivial task still to be completed. With regard to the c i (i = 1, 3), for the potential under our present consideration their values are c 1 = −0.81 and c 3 = −3.40 at both N2LO and N3LO [13] , as determined to best reproduce NN data consistent with πN analyses. The same values are used in the leading 3NF.
It may be useful to make an additional comment concerning the density-dependent effective 3NF from Refs. [14, 15] which we use. The latter is derived employing nonlocal regulators, unlike what is done when constraining the c D and c E LECs from genuine 3NFs in the three-nucleon system [19] [20] [21] [22] [23] [24] [25] , a procedure which has been part of our general scheme [10] . This inconsistency, though, will not impact our present NM results, due to the absence of contributions proportional to c D and c E in the pure neutron system.
III. THE MANY-BODY SYSTEM
A. Isospin-asymmetric matter A variety of many-body methods are available and have been used extensively to calculate the EoS of nucleonic matter. They include: the coupled-cluster method, many-body perturbation, variational Monte Carlo or Green's function Monte Carlo methods.
In computing the EoS, we employ the nonperturbative particle-particle (pp) ladder approximation, namely the leading contribution in the usual hole-line expansion of the energy per particle. To estimate the uncertainty associated with this choice, in Ref. [10] we compared with Refs. [29, 30] and determined that the effect of using a nonperturbative approach beyond pp correlations is negligible in neutron matter (the focal point of this work) and about 1 MeV per nucleon in symmetric matter around saturation density.
B. Application in finite nuclei
In order to link the EoS of asymmetric matter to an actual nucleus, we proceed as described in earlier work [31] . Namely, we write the energy of a sperically symmetric nucleus via an energy functional based upon the semi-empirical mass formula: energy of a (spherical) nucleus as
Note that the integrand in the first term is the isospin-asymmetric equation of state,
with e sym the symmetry energy. In the above equation, ρ and ρ I are defined as ρ n + ρ p and (ρ n − ρ p ), respectively, and α represents the neutron excess, α = ρ I /ρ. We take the constant f 0 in Eq. (1) equal to 60 M eV f m 5 , consistent with Ref. [32] , and disregard the term with the coefficient β [33] because we found that its contribution was negligible. The impact of varying the parameter f 0 will be addressed later. The proton and neutron density functions are obtained by minimizing the value of the energy, Eq. (2), with respect to the paramaters of Thomas-Fermi distributions for proton and neutron densities. More specifically, we write
with i = n, p. The radius and the diffuseness, a i and c i , respectively, are optimized by minimization of the energy while ρ 0 is obtained by normalizing the proton(neutron) distribution to Z(N ). The skin is defined as
where R n and R p are the r.m.s. radii of the neutron and proton density distributions,
where T = N or Z. Clearly, this method is not suited to predict detailed quantum structures, such as nuclear shells or pairing effects. On the other hand, our purpose is not to perform detailed structure calculations, but rather to highlight the direct impact of the equation of state on the nuclear properties under consideration.
C. Estimation of the uncertainty
When addressing nucleonic matter or any other many-body system, several sources of theoretical uncertainty need to be considered. The one arising from the choice of the framework for obtaining the EoS was addressed in Sect. III A. Others, inherent to EFT, are: • Error in the LECs; This item includes:
-Long-range (πN ) LECs;
• Regulator dependence;
• Truncation error.
We will briefly discuss each of them.
Concerning the NN LECs, we have performed several test Brueckner-Hartree-Fock calculations of nucleonic matter with local high-precision potentials from the Nijmegen group [34] and concluded that the uncertainty arising from error in the experimental determination of NN LECs is much smaller than other errors and can be neglected. With regard to πN LECs, at the two-body level they only impact partial waves where no contacts are available, which, at N 3 LO, are F waves and higher. Thus, one may expect only minor impact from this uncertainty in the two-nucleon sector. But of course these LECs enter the 3NF, where their uncertainty can have a much larger impact. This point requires a systematic investigation where, for each set of c i within the allowed experimental error, one constructs NN potentials to be used consistently in the 2NF and the 3NF. It is reassuring to see a recent Roy-Steiner analysis [35] where the authors report very small errors in their determination of πN LECs.
It has been our observation, as well as other authors' [37] , that regulator dependence is not a good indicator of the chiral uncertainty at some order, as it tends to underestimate the truncation error. Here, we will determine the latter as explained next. The truncation error is essentially what is left out when terminating the chiral expansion at some order n. If the prediction of observable X at order n + 1 is available, the truncation error at order n is then
which is the (n + 1)th correction. On the other hand, if X n+1 is not available, the truncation error can be estimated to be
where Q is a momentum typical for the system under consideration or the pion mass, and Λ is the cutoff. Again, we have an expression proportional to
. In our present situation, a reasonable choice for Q is the Fermi momentum corresponding to the average density of a particular nucleus. So, for each nucleus, we calculate the average density from the Thomas-Fermi distributions, Eq. (4), from which we obtain the corresponding Fermi momentum. The above considerations will be used in the next section to quantify the uncertainty of our predictions. 
IV. RESULTS AND DISCUSSION
In the discussion which follows next, we obtain the neutron matter equation of state microscopically, as described in Ref. [10] . In order to emphasize the role of the pure neutron matter EoS, which is our main goal here, we use an empirical EoS for symmetric nuclear matter (SNM) that we take from Ref. [36] . In this way, we separate out the role of neutron matter pressure and remove any model dependence originating from the details of the saturation point of SNM.
At this time we recall the remarks made at the end of Sect. II B with regard to the contribution from the missing (N 3 LO) 3NF expected to be very small in NM at normal density. Nevertheless, even with regard to pure neutron matter, at this stage of our calculations it is not possible to make definite statements about convergence of the EFT predictions from LO to N 3 LO, since the EoS for SNM is taken from phenomenology. When the latter, instead, is calculated microscopically, the 3NF should be obtained at N 3 LO, consistent with the 2NF, in which case the order-byorder pattern may be different than the one we see here. For these reasons, we limit ourselves to explore the impact of the NM EoS on neutron skins and energies at different orders while avoiding projections about convergence. Note that, for the EoS of NM, the steps from LO to N 2 LO are free from inconsistencies. The phenomenological EoS of SNM is obtained from a Skyrme-type energy density functional and has a realistic saturation point at ρ 0 =0.16 fm −3 with energy per particle equal to -16.0 MeV [36] . Figure 2 shows the binding energy per nucleon as a function of the mass number for neutron-rich isotopes of Oxygen, Magnesium, and Aluminum. The four curves are obtained at order 0 (LO, dotted black), order 2 (NLO, dashed blue), order 3 (N 2 LO, dash-dotted green), and order 4 (N 3 LO, solid red) of chiral EFT in the calculation of the neutron matter EoS. In each case, the curves end where the neutron separation energy, S n = B(Z, N ) − B(Z, N − 1), turns negative. We make the following main observations:
• The pattern shown in the figure is consistent with the change in the degree of attraction/repulsion seen in the NM EoS at the corresponding orders and at the low to moderate densities probed by the observables in this study, see Fig. 3 . Namely, the most attractive interactions bind the last neutron up to larger values of A.
• The order-by-order pattern is such that differences between consecutive orders become smaller when going from LO to N 3 LO.
In Fig. 4 , the neutron skin thickness is shown as a function of A for the same isotopes and physical interactions as considered in Fig. 2 . The largest values of the skin are obtained with the most repulsive NM EoS. Note also how the pressure in neutron matter at the various orders shown in Fig. 5 reveals large differences among the various interactions. The order-by-order pattern is consistent with what we observed for the binding energy. At the low densities (likely to be probed by the skin), the LO and the N 2 LO interactions yield very similar values for the pressure and the skin.
We provide additional information in Table I , where we made some selections in order to avoid an excessively cumbersome tabulation. For each of the three elements under consideration, we show the smallest value of A from Figs. 2,4 and the value of A (also from Figs. 2,4) for which the separation energy first becomes negative, namely, the first value of A at which one of the three curves is interrupted. (This way, the energies and skins in the tables are comparable with one another order by order, whereas the "drip" A would be different at each order.) The emerging pattern is clear and suggests that the truncation error decreases at the higher orders of the expansion, for both the energy and the skin. Also, at fixed order, the uncertainty is larger for the more neutron-rich systems, most likely reflecting increasing role of the microscopic NM EoS with its corresponding uncertainty.
Concerning the latter, we provide some quantitative information in Table II . As described at the end of Sec. III C, in developing Table I we needed to find an average density relevant for the nuclei included in this investigation. The latter was found to range from about 0.081 to 0.095 fm −3 , or, in terms of the Fermi momentum of SNM, from about 1.06 to 1.12 fm −1 . Thus, k F =1.1 fm −1 is representative, which translates into the neutron Fermi momentum entered in Table II. The Table shows the energy per neutron at the various orders with their truncation error, which has been calculated as explained earlier, with k n F as the typical momentum used in Eq. (8). Finally we like to discuss an uncertainty that is not EFT-related. This is due to variations of the f 0 parameter [32] in the surface term of the liquid droplet functional, Eq. (2), when fitted to β-stable nuclei. This uncertainty is displayed in Table III . The values shown are an average of the predictions obtained with f 0 = 60 MeV fm 5 and those with f 0 = 70 MeV fm 5 [32] with the error arising from such variation. We see that the uncertainty associated with this parameter is approximately independent of the chiral order. For the energy, it is generally larger than the truncation error, although the latter may dominate at LO. For the skin, on the other hand, it is smaller than or comparable with the truncation error, particularly at the highest order. Note that the error displayed in Table III is not related to the Hamiltonian, whose pattern by chiral order remains the same regardless the value of f 0 . The final results including their compounded error (calculated in quadrature) are shown in Table IV .
It is also interesting to mention recent ab initio calculations of medium-mass neutron-rich nuclei, 48 Ca in particular [38] . There, the neutron skin thickness in 48 Ca was predicted with various low-momentum chiral Hamiltonians [39] and found to be nearly independent of the interaction, due to a strong correlation between the point neutron and proton radii. Here, we have considered a group of interactions at different chiral orders while keeping the properties of SNM fixed. Under the present circumstances, we find that larger NM pressure corresponds to larger neutron skin.
Before closing, we wish to extend the discussion and explore correlations among the main quantities addressed in this investigation. Linear correlations between two variables are usually studied using the Pearson coefficient:
where the covariance cov(x, y) is defined as
andx andȳ are the average values of the {x i } and {y i } data sets, respectively. σ x and σ y are the usual standard deviations. Note that our samples contain only four data, namely the skins at LO to N 3 LO and the pressure or energy at the corresponding orders (at some chosen, fixed density). This may render the Pearson coefficient, or the identification of a specific fitting function, unreliable. We will show correlations graphically, see Fig. 6 . There, we see a positive correlation between skin and either the pressure or the energy per particle in NM. The figure shows the skin of 40 Mg, but the behavior is representative for the other nuclei. To make a similar analysis of how the drip lines correlate with neutron matter pressure or energy, we consider the neutron separation energy, S n = B(Z, N ) − B(Z, N − 1), which is chiefly responsible for the location of the driplines. For a particular nucleus, again 40 Mg, we calculate S n = B(Z = 12, N = 28) − B(Z = 12, N = 27). The correlation between the separation energy at the four orders and the corresponding pressure and energy in NM are shown in in Fig. 7 on the left side and the right side, respectively. We see a definite anticorrelation of the neutron removal Table III. energy with either pressure or energy in NM. Since a smaller separation energy signifies that the drip line is closer, we conclude that either larger NM pressure or larger energy will facilitate the onset of the drip lines. We like to end with a comparison with currently available empirical information. As mentioned in the Introduction, experimental information on very neutron-rich nuclei, particularly neutron densities, is still scarse, a state of affairs which is expected to improve with measurements at RB facilities and the electroweak program at Jlab. To gain a better insight on how the predictions from our functional compare with available tabulations, experimental or estimated, we consulted the large compilation of nuclear data from Ref. [40] . The values we found for the binding energy per nucleon compare favorably with those in Table IV 40 Ca. Since this nucleus is isospin-symmetric, the model-dependence of the NM EoS plays only a minor role, if any. We obtain 8.333 ± 0.200 MeV and 3.504 ± 0.077 fm for B/A and the charge radius, respectively, to be compared with the empirical values of 8.55 MeV and 3.48 fm. The ab initio prediction for the charge radius of 40 Ca is given in Ref. [38] as 3.49(3) fm.
In conclusion, we find that our method is able to produce realistic values for bulk nuclear properties.
V. CONCLUSIONS AND OUTLOOK
The equation of state of infinite matter and its density dependence contain rich information about nucleonic interactions in the medium, which can be extracted through the analysis of EoS-sensitive observables. In this paper, we calculated binding energies and neutron skins for neutron-rich isotopes of three selected elements with a method where the EoS of isospin-asymmetric matter is the crucial input. Our neutron matter EoS are based on chiral nuclear forces constrained by πN and NN data. In order to highlight the role of the pure neutron matter EoS, the calculations employed microscopic equations of state for neutron matter obtained at different orders of chiral EFT, whereas a phenomenological model was adopted for the EoS of symmetric nuclear matter.
We discussed various sources of uncertainty, paying particular attention to truncation errors. Predictions for both the binding energy and the neutron skin show a large truncation error at LO and a much smaller one at N 3 LO. Thinking specifically of the Hamiltonian, this behavior is encouraging, but complete calculations including consistent 2NF and 3NF, as well as calculations at N 4 LO, will be crucial to assess a successful path to convergence. We also observed that the uncertainty on the energy related to a free parameter in the functional is typically larger than the smallest truncation error. This is not the case for the neutron skin, where the compounded error remains dominated by the order-by-order pattern. We note, further, that the uncertainty associated with this parameter is uncorrelated with the chiral order, and so it does not hinder our ability to observe a pattern by order, and, hopefully in the near future, a convergence pattern with respect to the Hamiltonian.
We close by reiterating the main motivation for studies such as this one. Our empirical knowledge of nuclear structure at the limits of stability is very limited, a status of affairs which is likely to improve in the near future thanks to the development of radioactive beam facilities. Along with this on-going experimental efforts, it is important to carry out calculations based on microscopic state-of-the-art nuclear forces. The effective field theory approach is unique in that it allows to estimate the uncertainty of the predictions.
